ABSTRACT. To better understand the risk of disasters due to glacial lake outburst floods (GLOFs), we synthetically analyze the spatial distribution and evolution of moraine-dammed lakes and potentially dangerous glacial lakes (PDGLs) in the Chinese Himalaya. Our county-based assessment of GLOF disaster risk combines PDGL outburst hazard, regional exposure, vulnerability of exposed elements and adaptation capability (risk management) using the analytic hierarchy process. We synthetically analyze the disaster risk using the weighted comprehensive method. Remote-sensing data show there are 329 moraine-dammed lakes (>0.02 km 
INTRODUCTION
The cryosphere is highly sensitive to global warming (Qin and others, 2005) , and mountain glaciers have retreated and thinned rapidly in recent decades, in response to regional change. This has led to the formation of new glacial lakes, the expansion of existing glacial lakes (Yao, 2010) and increased potential for glacial lake outburst floods (GLOFs) (Clague and Evans, 2000; Sakai and others, 2000; Nayar, 2009; Benn and others, 2012; Worni and others, 2012) . The three main types of glacial lake are moraine-dammed, glacier-dammed and glacier erosion lakes. Moraine-dammed lakes are formed behind moraines after glacier retreat, and GLOFs following dam collapse have frequently been reported in the Himalaya, Peruvian Andes (Cordillera Blanca), Chilean Patagonia, Canadian Rockies, Chinese Nyainqêntanglha and elsewhere (Vuichard and Zimmermann, 1987; Clague and Evans, 2000; Richardson and Reynolds, 2000; Mool and others, 2001; Singh and Singh, 2001; Carey, 2005) . Moraine-dammed lakes are impounded between the end-moraine complex and the vanishing glacier tongue. Some have high outburst probabilities due to unconsolidated dam material, unstable dam geometries, snow-ice-rock avalanches and other types of landslides caused by, for example, earthquakes and permafrost degradation of dams that contain dead or other subsurface ice (McKillop and Clague, 2007; Frey and others, 2010; Haeberli, 2013; Worni and others, 2013) . Morainedammed lake outbursts are often accompanied by mudslides, landslides and other secondary events, and have caused severe loss of life and destruction. In contrast, glacierdammed and glacier-erosion lakes are relatively stable and have less disaster potential (Korup and Tweed, 2007) . Glacier-dammed lake outbursts occur mainly in the Karakoram, eastern Hindu Kush and Alaska (Iturrizaga, 2009) .
High-mountain areas worldwide are especially vulnerable to global warming impacts. Local communities and cities are often potentially within reach of GLOFs. Though GLOFs are low-frequency events, resulting disasters have caused enormous loss of life and damage to livestock, property, infrastructure (e.g. hydropower, mining, roads, bridges), natural resources (grassland, forest, cultivated fields, etc.), agriculture and animal husbandry, tourism and the human environment in downstream regions. GLOFs are therefore considered the most important glacier-related hazard in terms of direct damage potential (Osti and Egashira, 2009 ). The main areas affected by GLOF disasters are the Karakoram, the central-eastern Himalaya and the Cordillera Blanca, Peru (Mool and others, 2001; Carey, 2008) : 35 destructive outburst floods have been recorded in the Karakoram in the past 200 years (Ashraf and others, 2012) , the Nepalese Himalaya have experienced 15 GLOFs, with an outburst flood occurring on average every 3 years, since the 1960s (Richardson and Reynolds, 2000; Kattelmann, 2003) , and >21 GLOF disasters, killing nearly 30 000 people, have been reported in Peru's Cordillera Blanca during the past 65 years (Carey, 2005 (Carey, , 2008 . There have also been 53 cases of lakes draining in Chilean Patagonia from 1896 to 2010, and their frequency has increased in recent years, with five major GLOFs during 2008/09 in the Northern Patagonia Icefield (Dussaillant and others, 2010) . Past records and statistical analyses show that at least 40 GLOFs have occurred in the Chinese Himalaya and Nyainqêntanglha ranges since 1935, at an average of one event per 2 years (Wang and Zhang, 2013) . Classic examples of GLOFs are the bursting of Palcacocha lake, Peru Cordillera, in 1941 (Carey, 2005 (Carey, , 2008 ; Cirenmaco lake, Chinese Himalaya, in 1981; Dig Tsho lake, Nepalese Himalaya, in 1985; and Luggye Tso, Bhutan Himalaya, in 1994 (Kaltenborn and others, 2010) . Recent outburst occurrences in the Cordillera Blanca at lake No. 513 in 2010 and low Artizon lake in 2012 (Carey and others, 2012) , in the Chinese Himalaya at Zhemaico in 2009, and in the Chinese Nyainqêntanglha at Cilaco lake in 2009 and Recireco lake in 2013 show that the threat of GLOFs will continue to require close scrutiny well into the 21st century, as glacier retreat continues (Carey and others, 2012) . In the next few decades, GLOF impacts will likely extend farther downstream as glaciers continue to retreat.
The Hindu Kush-Himalaya (HKH) high-mountain area is the scene of high-frequency, major GLOFs. Past studies have identified >8000 glacial lakes and 209 potentially dangerous glacial lakes (PDGLs) in the HKH, 26 in Nepal others, 2010), 24 in Bhutan (Kattelmann, 2003) , 30 in India (Bajracharya and others, 2007) , 52 in Pakistan (Ashraf and others, 2012) and 77 in China (Bajracharya and others, 2007) . In a climate-warming scenario and active earthquake zone, these glacial lakes are prone to outburst. Unlike some other mountain regions (e.g. European Alps; Andes), the HKH is characterized by particularly large lake volumes and associated long outburst flood reaches. Most mountain communities in the HKH live in steep, narrow valleys downstream of glacial lakes and glacier-fed rivers, and depend on fragile ecosystems for their livelihoods. These communities lack resources and have limited capacity for disaster prevention and mitigation.
GLOF disasters result from both natural and social factors and their interactions. GLOF risks not only include the hazard of glacial lake outburst, but also involve the vulnerability and adaptation capacity of exposed elements. The hazard of glacial lake outburst can be defined as the product of outburst magnitude and outburst probability. Numerous empirical relations have been developed to estimate outburst probability, as well as the probable maximum discharge of outburst floods from morainedammed lakes, by using statistical and remote-sensingbased approaches, as well as field investigations (Fell, 1994; Huggel and others, 2004; McKillop and Clague, 2007) . Previous studies have also focused on glacial lake distribution and on simulation of the evolution of GLOFs (Richardson and Reynolds, 2000; others, 2002, 2004; McKillop and Clague, 2007; Mayer and others, 2008; Awal and others, 2010; Carey and others, 2012; Klimeš, 2012; Wang and others, 2012; Worni and others, 2013) . GLOF impacts, regional exposure, the vulnerability of exposed elements, and adaptation capacity downstream have received less consideration or synthetic and quantitative assessment in previous studies (Schaub and others, 2013) . Glacial lake outbursts can be difficult and expensive to control, but regional exposure and the vulnerability of exposed elements downstream can be reduced by improving adaptation capacity and risk management level. Some studies have begun to pay attention to the vulnerability and adaptation capacity of communities downstream of lakes of most concern (Mool and others, 2010) .
In this study we consider 20 counties in the Chinese Himalaya as basic evaluation units, analyze the spatial distribution characteristics and evolution of morainedammed lakes and PDGLs, identify and analyze GLOF disaster risk, and establish a risk assessment system including glacial lake outburst hazard, regional exposure, the vulnerability of exposed elements, and adaptation capacity downstream. Finally, we quantify the degree of risk of GLOFs in the study area using GIS technology, the analytic hierarchy process and the weighted comprehensive method. The study is not only of significance for glacial lake outburst hazard analysis and assessment of the exposure and vulnerability of exposed elements, but also has important theoretical reference to resource use, disaster prevention and mitigation, and the establishment of an early-warning system in GLOF-affected areas.
STUDY AREA
The Himalayan mountain range spans China, Nepal, Bhutan, India, Pakistan, Kashmir and Afghanistan. The Chinese Himalayan region (29°37 0 -35°14 0 N, 74°35 0 -95°03 0 E) is located in the south of the Qinghai-Tibetan Plateau and is characterized by rapid uplifting and intense geological activity. This area is affected by more GLOF disasters than any other worldwide.
Of the world's 14 highest mountains, 5 are located in the study area, including Mount Everest (Qomolangma) (8844 m a.s.l.), Lhotse (8516 m a.s.l.), Makalu (8463 m a.s.l.), Cho Oyu (8201 m a.s.l.) and Shishapangma (Xixabangma) (8027 m a.s.l.). The study area is bordered to the south by India, Nepal and Bhutan, to the west by the Gar Zangbo river, to the north by Gar, Dangque (Maquan) and Yarlung Zangbo, and to the east by Yarlung Zangbo (Brahmaputra River). The Chinese Himalaya extend �2400 km from east to west, with a width of 200-300 km and an average height of 6000 m (Fig. 1) . The study region covers an area of 258 983 km 2 , accounting for 21.54% of the land area of the Tibet Autonomous Region, and is administratively divided into 20 counties: Gar, Zando, Burang, Zhongba, Saga, Gyirong, Nyalam, Tingri, Dinggyê, Gamba, Yadong, Kangmar, Nagarze, Lhozhag, Comai, Cona, Lhunze, Nangxian, Main ling and Medog, in Nyingchi, Shannan, Xigaze and Ali Prefecture (Fig. 1) . In 2012, it had a population of 394 860 and a gross domestic product (GDP) of Yuan 6.19 billion, accounting for 12.80% and 8.90% of the total population and GDP, respectively, of the Tibet Autonomous Region.
The Concise Glacier Inventory of China (Shi and others, 2005) shows that there are 6472 glaciers in the Chinese Himalaya, with total area �8418 km 2 and total ice volume �712 km 3 . The glacial lake inventory of the International Centre for Integrated Mountain Development (ICIMOD; Mool and others, 2010) indicates the study area contains 824 lakes, with total area �85 km 2 , of which 77 are identified as PDGLs, almost equal to the total number of PDGLs in India, Nepal and the Bhutan Himalaya (Ives and others, 2010) . Moraine-dammed lakes in the Chinese Himalaya are unstable to global warming. At the same time, the ecology and socio-economic systems are highly vulnerable, and the capacity of residents to adapt to GLOF disasters in the study area is limited. More than 24 GLOF disasters have been reported in the Chinese Himalaya since 1935 (Fig. 1) , and, with widespread glacier retreat and ongoing human activity in the high mountains, there are many potential threats resulting from moraine-dammed lake outbursts in the study area.
DATA AND METHODS

Data
The data for this study consist of Landsat imagery obtained on multiple dates in the 1990s and 2010s, topographic maps, Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) digital elevation models (DEMs) from 2009, and statistical data concerning the socio-economic system in 2013. Image data are used to analyze the spatial and temporal variation of glacial lakes and identify their potential risk, whereas regional socioeconomic data are used to assess exposure, vulnerability and adaptation capacity in hazard-affected regions. To avoid cloud and snow cover during the monsoon and ensure minimal snow coverage, we selected 38 satellite images with <5% cloud cover acquired between June and October in the 1990s and 2010s. The study area was observed with 38 Landsat Thematic Mapper (TM) and Enhanced TM Plus (ETM+) images with a spatial resolution of 30 m (http://glovis.usgs.gov).
Raw data for the socio-economic system were obtained from Statistical Yearbooks of the 20 counties and the Atlas of China Traffic (Starmap Publishing House, 2006) . Given the large amount of data available, GIS is an essential tool to gather, store, handle, update, output and display spatial data. Most socio-economic statistical data are county-based, so our study is county-based rather than GLOF-catchmentbased. Different units were used to quantify the data. To compare them, the original data on evaluation factors need to be rendered dimensionless by transforming the range. Based on the method reported in previous studies (Zhao and others, 2006) , we used normalization to standardize these data from various sources.
Detection of moraine-dammed lakes
Detection and monitoring of existing glacial lakes by remote-sensing methods are a research focus in various mountain regions (Frey and others, 2010) . In our study, glacial lake boundaries, distributions and evolutions were investigated using detailed delineations and measurements of satellite-derived imagery. Images, when rectified, were further processed before interpretation, by comparing different band combinations. This showed that the standard falsecolor composite (FCC) images made from combining bands 4, 3 and 2 were most conducive for identifying glacial lake boundaries. When lakes were frozen and snow-covered, a visual inspection was needed to distinguish snow-covered glacial lakes, with the help of seven-, five-and two-band composites. Lakes are assumed to be areas where the slope is <10% (Gardelle and others, 2011) . All images then need to match with ERDAS software and images from two periods (1990s and 2010s), and require geographic registration to assure overlap with the ASTER global DEM (GDEM) of 2009 (http://datamirror.csdb.cn). The result of the image interpretation for a sub-scene of Nyalam county, central Himalaya, is shown in Figure 2 .
Based on the image interpretation, all glacial lakes were delineated manually from digitized topographic maps and/ or FCC satellite images, pixel by pixel, in ArcGIS 9.3 with the help of Google Earth imagery. Finally, the vector layers of glacial lakes in the two periods were obtained, and attribute data -lake type, length, area and altitude -were established by eyewitness interpretation and geographic calculation. The measurement accuracy of glacial lake area from spatial data is limited by sensor resolution and manual digitizing. According to Wang and others (2011) , the uncertainty in co-registration of multitemporal images can be calculated by where U L (m) is the linear uncertainty, U A (m 2 ) is the glacial lake's area uncertainty, � (m) is the original pixel resolution of each individual image and � (m) is the co-registration error of each individual image to topographic maps. Accordingly, the maximum error in co-registration (U A ) for changes in glacial lakes from the 1990s to the 2010s was calculated as �0.017 km 2 .
Identification of potentially dangerous glacial lakes
At present, there are no unified criteria for identifying PDGLs. Generally, they are glacial lakes with a large probability of outburst that is likely to cause disaster downstream. Using multitemporal spaceborne stereo imagery, processes and records of past events, field investigations and other physical conditions, criteria include lake type, altitude, glacier area, snout steepness behind the lake, mean slope and height-to-width ratio of the moraine dam, presence of dead ice cores and permafrost lenses in the moraine, distance and slope between lake and glacier terminus, rate of lake formation and growth, climate and the situation down-valley including existence of settlements others, 2002, 2004; McKillop and Clague, 2007; Mool and others, 2010; Wang and Zhang, 2013) .
Moraine-dammed lake area and its change, distance to the glacier terminus and existence of downstream settlements are most often employed by researchers as rough evaluation criteria to determine whether a lake is dangerous, because lake area affects the volume of stored water and the maximum outburst flood volume. Lake area variations reflect to some extent the state of their hydric balance. In the past 20 recorded GLOF disasters, 95% of outburst lake areas exceeded 0.02 km 2 . Rapid changes in lake area will upset the hydric balance, thus promoting moraine-dammed lake outburst. The distance between lake and glacier terminus is a prerequisite for determining the amount of snow/ice/rock avalanches collapsed into the lakes from the glacier terminus, while the displacement waves from snow/ice/rock bodies that collapse into the lakes will further trigger an outburst flood (Awal and others, 2010; Schaub and others, 2013) . Taking into account the availability of data obtained from remote sensing (not including fieldwork), we selected only moraine-dammed lake area (>0.02 km 2 ), rate of lake area increase (>20%), distance between lake and glacier snout (<500 m) and whether or not there were settlements downstream as the main candidate variables to evaluate whether a morainedammed lake is dangerous.
Establishment of GLOF disaster risk assessment system
Natural disaster risk assessment is the determination of a quantitative or qualitative value for risk related to a recognized threat from one or more natural events. A quantitative risk assessment should include two components: the probability of a natural hazard occurring, and the degree of damage expected to be caused by that natural hazard. Risk assessment is not only the basis of risk management, but is a systematic procedure for identifying and evaluating the likelihood of an undesirable outcome. Based on previous findings on natural disaster risk (Stallings, 1991; Bolin and Stanford, 1998; Wilhite, 2000; Wisner and others, 2004; Catani and others, 2005; Nadim and Kjekstad, 2009; Carey and others, 2012) , GLOF disaster risk can be defined as a combination of the likelihood of a major glacial lake outburst event occurring (i.e. hazard), the degree of exposure to a GLOF hazard, the vulnerability (i.e. susceptibility) of exposed elements (people, property, etc.) that may be affected by a GLOF event, and adaptation capacity to prevent and respond to a GLOF disaster (i.e. management ability) (O'Keefe and others, 1976; Wisner and others, 2004) . Unlike risk, a GLOF disaster is an actual occurrence, rather than a potential threat (Smith, 2001) , so it may simply be defined as the realization of a glacial lake outburst hazard (a threatening event) affecting ecological, economic and social systems downstream.
Based on the above identification of GLOF disaster risk, a conceptual framework was established. The risk assessment conceptual framework contains three hierarchies: objective layer (A) (GLOF disaster risk), principal layer (B) (four main factors, B 1 , B 2 , B 3 , B 4 ) and index layer (C) (specific indicators, C 1 -C 15 ) ( Table 1) .
Hazard (B 1 ) reflects the possibility or likelihood of a moraine-dammed lake outburst and the severity of threats and harm to downstream residents, property and ecosystems. When a PDGL coexists with vulnerable exposed elements, a serious GLOF disaster can result. Thus, identification of PDGLs is an important first step in hazard analysis of GLOF disaster risk. In this paper, PDGL number, area and expansion rate (C 1 -C 3 ) have been selected to describe the GLOF disaster risk.
Exposure (B 2 ) describes the spatial distribution and numbers of exposed elements and is expressed by the number and density of exposed elements. On the whole, the more (fewer) people and the higher (lower) the value of property exposed to a GLOF, the greater (smaller) are potential losses. The study selected population, livestock, cultivated land, road network and density of the agricultural economy (C 4 -C 8 ) as specific indicators to assess the degree of exposure to GLOFs: 'population' and 'livestock' density were chosen to describe the life exposure, while 'cultivated land' and 'density of road network' were selected to describe the socio-economic exposure.
Vulnerability (B 3 ) indicates the susceptibility of exposed elements and the extent of damage and loss in terms of population, property and other elements affected by GLOFs. Higher vulnerability will result in greater disaster losses. GLOFs often endanger farmers, herdsmen, livestock, loads, buildings and other exposed elements in mountainous areas. The percentage of rural population, small livestock and road and building level (C 9 -C 12 ) are particularly vulnerable to GLOFs, and are therefore selected to describe life and socioeconomic vulnerability.
Adaptation capacity (B 4 ) is also called risk management ability. It reflects early monitoring, warning and forecasting levels of moraine-dammed lake outburst and defense capabilities to reduce lake water level, regional exposure and vulnerability to an outburst. Regional GDP and financial revenue share of GDP (C 13 -C 14 ) are selected to describe the economic capacity of regional and local government to prevent GLOF disasters, while the density of fixed assets investment (C 15 ) is selected to indicate the current status of regional project measures for preventing and mitigating GLOF disasters.
Of the specific indicators, road level (C 11 ) reflects the proportion of provincial highways in the total road mileage, while, due to lack of data, building level (C 12 ) is replaced by net income of regional farmers and herdsmen.
Determining the index weight
We determined the index weight by the analytic hierarchy process (AHP), originally developed by Saaty (1977) . AHP is a decision analysis method which combines quantitative and qualitative criteria in decision problems. An 'expert questionnaire' was used to obtain weighting values for complex factors. This process comprised five basic steps: (1) questionnaire design, (2) calculation of a pairwise comparison matrix, (3) estimation of relative weighting values (a scale from 1 (two components contribute equally to GLOF disaster risk) to 9 (one component predominates completely over the other in causing GLOF disaster occurrence) was used to compare pairs of components), (4) examination of consistency and (5) aggregation of the weights to determine a ranking of decision alternatives (Davidson and Lambert, 2001; Zhang, 2004; Wu and Chen, 2009; Wang and Zhao, 2011) .
The weight values assessed by AHP and used for the GLOF disaster risk are shown in Table 1 . The weight values of the hazard, exposure, vulnerability and adaptation capacity factors are 0.37, 0.20, 0.15 and 0.28, respectively. The main (top six) indicators of index layer are arranged as follows: PDGL area, rate of PDGL area change, regional GDP, revenue share of GDP, density of fixed assets investment and proportion of rural population. The contribution degree of the top six factors was up to 66%. PDGL area determines water volume, the magnitude of PDGL outburst and its disaster degree. Rapid expansion of larger PDGLs is highly correlated with outburst probability. Regional GDP, revenue share of GDP and fixed assets investment can reduce or prevent GLOF disaster risk or damage, and are equally important. Population density is the most important factor in exposed elements, directly determining the degree of GLOF disaster risk to human safety.
GLOF disaster risk assessment model
The reduction of exposure and vulnerability of exposed elements can lessen the likelihood of GLOF disaster occurrence downstream, and strong adaptation capacities will prevent or reduce GLOF disaster risk. GLOF disaster risk is generally positively correlated with hazard, exposure and vulnerability, while it is negatively correlated with adaptation capacity. Thus, a basis for risk assessment of GLOF disaster is to include hazard and exposure, as well as vulnerability and adaptation capacity, in the assessment process. Taking into account the above risk analysis and past related research (Zhang and others, 2009; Liu and others, 2011) , we developed the following equations to determine the degree of risk of GLOF disaster and the four main factors by integrating the assessment method of other natural disaster risks:
where RI GLOFD (risk index of GLOF disaster) indicates the degree of GLOF disaster risk (generally, the higher the value, the greater the degree of GLOF disaster risk) and H, E, V and A are the hazard, exposure, vulnerability and adaptation capability factors, respectively (A > 0). m is the number of indicators reflecting hazard, exposure, vulnerability and adaptation capability factors. x ij , x' ij refer to the unscaled and scaled values of the ith indicator of index layer C in the jth county (0 < x' ij < 10). w ij is the weight of the ith indicator of index layer C in the jth county relative to objective layer A (0 < w i < 1) (Table 1) and is obtained by AHP. x max is the maximal value of the indicators x ij . A large (small) value of x' ij means that this factor has a greater (lesser) impact on GLOF disaster risk. The degrees of GLOF disaster risk can be compared using RI GLOFD . It is found that when HEV = 0, RI GLOFD = 0. With adaptation capability, A 6 ¼ 0 decreases and the RI GLOFD value increases. When the hazard, exposure and vulnerability are reduced and management ability increases, RI GLOFD decreases.
RESULTS AND ANALYSIS 4.1. Distribution and evolution of moraine-dammed lakes
In the Chinese Himalaya, 329 moraine-dammed lakes (>0.02 km 2 ) with a total area of 125.43 km 2 were detected from remotely sensed data in the 2010s. The areas of moraine-dammed lakes range from 0.02 km 2 to 5.80 km 2 , at altitudes between 3500 and 5636 m (Fig. 3) . As shown in Figure 3 , 329 lakes were distributed through the 20 counties. Of these, Tingri has the most lakes (40; 12.16% of the total number in the study area), and Nyalam has the largest lake area (28.74 km 2 ; 22.91% of the total moraine-dammed lake area). Lhozhag has 38 lakes with a total area of 14.85 km 2 . Tingri, Nyalam and Lhozhag together account for 34.04% of the total number of lakes and 48.25% of the total lake area. Lake area is relatively small (<1 km 2 ) in other counties. In the past 20 years, the total area of moraine-dammed lakes has expanded by 25.11%, from 100.26 km 2 in the 1990s to 125.43 km 2 in the 2010s. The magnitude of lake area increase between the 1990s and 2010s has been largest in Zhongba county (49.60%), followed by Lhozhag (36.50%), Dinggyê (35.51%), Nagarze (34.81%), Lunze (32.89%) and Nyalam (30.50%). Lake area in Saga and Mainling decreased by 7.19% and 1.15%, respectively. In other counties, the magnitude of lake area change was 1-28%. Lake area variations in the study area exhibit regional differences (Fig. 3) . It is noteworthy that the area of 27 moraine-dammed lakes in the study area decreased by >15%, which means that these lakes have likely burst without detection.
Distribution and evolution of PDGLs
The results show that 116 moraine-dammed lakes with a total area of 49.49 km 2 in the 2010s are identified as PDGLs; all PDGLs with an area �0.02 km 2 are <500 m from the glacier terminus, and growth rates of all PDGLs have exceeded 20% in the past two decades. PDGLs comprise 35.26% and 39.46% of the total number and area, respectively, of lakes in the study area. From the 1990s to the 2010s, the total area of PDGLs increased significantly by 66.87%, significantly higher than the increase rate of nonPDGLs (7.57%) in the study area in the same period. Table 2 lists 31 PDGLs with an area >0.5 km 2 and a rate of lake area increase >50%.
PDGLs are distributed mainly in the mid-eastern Himalaya, and are rare in the western region ( Fig. 3; Table 3 ). Lhozhag has the most PDGLs (19), followed by Tingri (14), Dinggyê (12) and Cona (11). PDGLs in these four counties account for about half of the total number of PDGLs in the study area. Most PDGLs are in contact with parent glaciers and are considered large enough to cause damage downstream if they outburst (Tables 2 and 3) . 
Assessment and regionalization of GLOF disaster risk factor
When analyzing GLOF disaster risks, the formation mechanism of the risks must be followed. The four main factors that form GLOF disaster risk should be analyzed separately. We calculated hazard, exposure, vulnerability degree and adaptation capability, using Eqn (4). Regionalization maps are drawn by the GIS equal interval classification method (Fig. 4) .
The regionalization results show that hazard levels are 'very low' or 'low' in Saga, Gamba, Mainling, Medeg, Comai, Yadong, Kangmar and Nangxian. The regions with moderate or high GLOF disaster hazard levels are located in Gar, Purang, Gyirong, Ngarze, Cona, Lhunze and Zando, while the very high-hazard zones are concentrated in Zhongba, Nyalam, Tingri, Dinggyê and Lhozhag. Overall, the larger PDGL areas have a higher hazard level. For example, PDGL areas in Zhongba, Nyalam, Tingri, Dinggyê and Lhozhag were 8. 53, 7.97, 6.79, 6 .85 and 7.26 km 2 respectively, in the 2010s, with PDGL area increasing by >60% everywhere except for Tingri (47.26%) ( Fig. 4a; Table 3 ). In contrast, Zando has the fewest lakes (five) and the smallest PDGL area, but the fastest-growing lake area (227%). Thus, Zando has a higher GLOF disaster hazard level (Fig. 4a) . Figure 4b shows the spatial distribution of exposure levels across the study area. Overall, the exposure level of GLOFs increases from northwest to southeast, except for Gar. Lhunze, Mainling, Nangxian, Yadong and Gar have high and very high degrees of exposure. Lhunze has the highest density of population and livestock (8.24 persons km -2 and 54.84 sheep units km -2 ). Other counties have middle, low or very low degrees of exposure, especially Zando, Purang, Saga, Dinggyê, Gamba and Kangmar. Of these counties, Zando and Purang have the lowest density of population and livestock (<1 person km -2 and 10 sheep units km -2
). Figure 4c shows that GLOF disaster vulnerability level is higher in the northwest Himalaya than the southeast, with Purang, Zhongba, Nyalam and Kangmar having very high, and Gar, Sag, Tingri and Gamba having high vulnerability levels. Tingri and Zhongba have the highest proportion of non-agricultural population (95.41% and 94.86%, respectively) and the smallest proportion of livestock (26.63% and 53.65%, respectively), while Dinggyê, Gyirong, Zando and Medeg have the lowest level of road and housing construction. A higher proportion of non-agricultural population, smaller proportion of livestock and a higher construction level (e.g. roads and housing) greatly reduces the vulnerability of exposed elements and enhances their resilience. The economic base determines the capacity for disaster prevention and mitigation. In 2012, GDP and financial revenue of the 20 counties was Yuan 61.867 billion and Yuan 3.06 billion, accounting for 8.82% and 9.95%, respectively, of the Tibet Autonomous Region totals. The GDP of Gamba, Comai, Gar, Purang and Zando counties was Yuan <200 million. The area density of fixed asset investment in Purang, Zando and Zhongba counties is Yuan <10 000 km -2 . Figure 4d indicates very low GLOF disaster adaptation capability levels in Zando, Purang, Sag, Dinggyê, Gamba and Kangmar, and low levels in Zhongba, Gyirong, Ngarze, Comai, Cona and Medeg. The regions with moderate and high levels of adaptation capability are located in Nyalam, Tingri, Lhozhag, Nangxian, Gar and Yadong, whereas the very high adaptation capability zones are concentrated in Lhozhag and Mailing, eastern Himalaya.
Assessment and regionalization of overall GLOF disaster risk
After analyzing the four main factors forming GLOF disaster risk, we assessed the overall degree of GLOF disaster risk for the 20 counties. The spatial distribution of GLOF disaster risk degree in the study area is shown in Figure 5 . The results show that the maximum, mean and minimum regional RI GLOFD are 4.81, 0.95 and 0, respectively. Based on the above results, the RI GLOFD values were used as the criteria for zoning the GLOF disaster risk degree in the study area. According to the RI GLOFD value and the historical data of GLOF disasters, risk was classified into the following five grades: very low risk (RI GLOFD < 0.120), low Figure 5 shows that Nyalam, Tingri, Dinggyê and Lhozhag are in the very high-risk zone. Dinggyê has the highest RI GLOFD (4.81) with very high hazard degree and very low adaptation capacity. It is worth noting that at least 14 GLOF disasters have occurred in very high-risk zones since 1935. High-risk zones account for 58.33% of GLOF disasters in the study area, most of these caused by outbursts from Cirenmaco lake (1981) and Jialongco lake (2002) in Nyalam, and Yindaco lake and Jinco lake (1982) in Dinggyê. Kangmar and Zhongba are in high-risk zones, while other counties are in middle-, low-and very low-risk zones. The high-and very high-risk zones are mainly in the central and central-eastern Himalaya, while low-and very low-risk zones are in the far eastern Himalaya.
The GLOF disaster risk assessment results are consistent with the distribution of historic disaster sites across the Chinese Himalaya. Accordingly, the research results can provide practical guidelines and the basis for policy decisions on regional GLOF disaster prevention and mitigation. Specifically, local governments should prioritize very high-risk zones in the process of GLOF disaster prevention and mitigation, and should take medium-and high-risk zones as key areas for monitoring morainedammed lake change.
CONCLUSIONS AND DISCUSSION
The purpose of risk assessment is to assist the management of risk, scientifically and rationally, to safeguard against loss (e.g. damage to property, loss of life). Management is indispensable in mitigating and adapting to risk in order to safeguard people and assets including property. Risk management methods can be divided into three categories: risk control, risk transfer and risk self-retention. Risk control involves reducing the likelihood of a natural event occurring, or reducing the severity of loss from the event. Risk transfer is the removal of exposed elements and at-risk structures to a secure zone, or the transfer of risk to a third party through insurance or contract. Risk self-retention involves accepting the loss from a risk when it does occur, in which case acceptable risk is a risk that is understood and tolerated, usually because the cost or difficulty of implementing an effective countermeasure for the associated vulnerability exceeds the expectation of loss. Of the three management methods, risk control should be the priority approach. Risk control measures to alleviate GLOF disasters involve reducing lake water level by using structural measures (e.g. pumping lake water, tunneling through the moraine dam), reinforcing moraine dams, bridges, riverbanks and other infrastructure, installing drainage grooves, reducing vulnerability of exposed elements (e.g. the rural population, small livestock) and improving their adaptation capacity (e.g. regional GDP, financial revenue share of GDP and density of fixed assets investment).
Risk transfer suggests the removal of exposed elements and structures (e.g. population, livestock, cultivated area, road and housing construction) to a secure area. Alternatively, it can be the transfer of risk to another entity through insurance or contractor. For GLOF disasters with acceptable risk, risk self-retention measures may be preferred, and these are often within the capabilities of communities with relatively weak economies.
We have analyzed the spatial distribution and evolution of moraine-dammed lakes and PDGLs in the Chinese Himalaya and assessed a methodology and model of county-based GLOF disaster risk through integrative multiattribute analysis of GLOF disaster hazard, exposure, vulnerability and adaptation capacity. In the study area, 116 moraine-dammed lakes with a total area of 49.49 km 2 in the 2010s are identified as PDGLs, most in the central Himalaya. From the 1990s to the 2010s, the total PDGL area increased by 66.87%. The same period also saw an increase, though less significant (7.57%), in the area of non-dangerous glacial lakes. The risk assessment results indicate that the very high-and high-risk GLOF disaster zones are mainly concentrated in Nyalam, Tingri, Dinggyê, Lhozhag, Kangmar and Zhongba in the mid-eastern Himalaya, consistent with the PDGL distribution.
Very-high-risk and high-risk GLOF disaster zones need to be investigated. The disaster potential can be reduced, and even eliminated, using risk control and transfer methods. First, very-high-and high-risk glacial lakes need to be identified, and realistic impact maps need to be constructed using GLOF modeling techniques (e.g. BREACH, DAMBRK, FLDWAV (e.g. Fread, 1984a Fread, ,b, 1988 and RAMMS (e.g. Bartelt and others, 2014) ).
To reduce lake levels, structural and engineering measures are required, according to the degree of GLOF impact, in order to decrease pressure on moraine dams and reduce water volume in case of an outburst. Primary techniques and measures for this include controlled breaching, construction of outlet control structures, pumping or siphoning water from the lake, and tunneling the moraine dam.
Local residents and assets in very-high-risk and high-risk zones should be moved to more secure areas. These measures cannot, however, be heavily relied upon for the future of reducing GLOF disaster risk. Preferred measures should aim at improving land use, transportation and town planning in very high-risk zones, taking the exposed elements away from threats of high-risk PDGLs.
In middle-and low-risk zones, automated or manual monitoring and early-warning systems need to be set up in GLOF-prone districts. To provide basic data, the main necessity is to have models of realistic scenarios of longterm PDGL and glacier evolution others, 2012, 2013) . At the same time, stabilization and heightening of moraine walls, stabilization of hazard-prone slopes and riverbanks and improvements to the structural integrity of drainage systems need to be carried out. There is also a need for GLOF risk mitigation training and education through schools and other public educational and civil institutions, paying close attention to local residents' self-understanding and self-monitoring of high-risk PDGLs in GLOF-prone districts. In low-risk zones, risk management must focus on strengthening land-use planning. It is worth emphasizing that GLOF disaster impacts on downstream areas will gradually be reduced or eliminated by enhancing disaster prevention and mitigation capabilities.
Glacier ice thicknesses and widths are expected to continue to reduce across the Himalaya over the next several decades, and surface slopes are expected to increase, leading to new and further expansion of existing glacial lakes, with the inherent increased risk of GLOFs and, thus, potential threat to the population and infrastructure in the valleys below. Through this study we can develop a comprehensive understanding of regional GLOF disaster risk, and gain insight into the main factors contributing to it, in 20 counties in the Chinese Himalaya. These findings can provide a scientific basis for guiding actions on GLOF disaster prevention and mitigation in the future. However, limitations of the available data mean that some important factors influencing GLOF disaster risk were beyond the capacity of the present study. These factors include the conditions of associated glaciers, moraine dams, surrounding environment, situations down-valley, and specific exposed elements (population, houses, land, road, infrastructure, etc.) that are potentially directly affected, existence of disaster risk funds and insurance and residents' risk awareness levels. To improve the accuracy of GLOF disaster risk assessment, we must strengthen monitoring and field research work for other critical factors. In detail we need to consider key valleys as basin units in which to simulate moraine dam failure of the high-priority lakes, evaluate potential GLOF disaster impacts in the valleys using appropriate models, and strive to make assessment results more objective and factual than in the present study.
